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Abstract
The effect of econazole on intracellular calcium levels ([Ca2]i) in Madin Darby canine kidney cells was investigated using
fura-2 fluorimetry. Econazole increased [Ca2]i dose-dependently at 5^50 WM. The Ca2 signal consisted of an initial rise, a
gradual decay and a sustained plateau. Extracellular Ca2 removal partially reduced the econazole response. Mn2 quench of
fura-2 fluorescence confirmed econazole-induced Ca2 influx. The econazole-sensitive intracellular Ca2 store overlaps with
that sensitive to thapsigargin, an inhibitor of the endoplasmic reticulum Ca2 pump, because 25 WM econazole depleted the
thapsigargin-sensitive store, and conversely, thapsigargin abolished the econazole response. Econazole (25^50 WM) partially
inhibited capacitative Ca2 entry induced by cyclopiazonic acid, another endoplasmic reticulum Ca2 pump inhibitor,
measured by depleting internal Ca2 store in Ca2-free medium followed by adding 10 mM CaCl2. Econazole induced
capacitative Ca2 entry itself. Pretreatment with La3 (100 WM) partially inhibited 25 WM econazole-induced Mn2 quench
of fura-2 fluorescence, and La3 immediately reduced 20 WM econazole-induced Ca2 signal when added at the peak of the
signal, suggesting that econazole induced Ca2 influx via two separate pathways: one is sensitive to La3, the other is not.
La3 enlarged 25 WM econazole-induced [Ca2]i transient during the decay phase. The econazole response was not altered
when the cytosolic level of inositol 1,4,5-trisphosphate was inhibited by the phospholipase C inhibitor U73122. ß 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction
Many G-protein-coupled agonists, such as hor-
mones, neurotransmitters and growth factors, acti-
vate phospholipase C and generate inositol 1,4,5-tris-
phosphate (IP3), which subsequently mobilizes Ca2
from the endoplasmic reticulum and often results in
an increase in the cytoplasmic free Ca2 concentra-
tion ([Ca2]i) [1,2]. In most non-excitable cells and
some excitable cells, depletion of the endoplasmic
reticulum Ca2 store triggers Ca2 in£ux via an as
yet unidenti¢ed channel. This Ca2 in£ux mechanism
is important for re¢lling the intracellular Ca2 stores
and maintaining Ca2 signaling, and is called ‘ca-
pacitative Ca2 entry’ [3,4]. The tumor promoting
alkaloid thapsigargin is a very useful drug for the
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study of capacitative Ca2 entry. Thapsigargin spe-
ci¢cally inhibits the Ca2 pump on the endoplasmic
reticulum leading to a passive leak of the stored Ca2
from, and depletion of, the endoplasmic reticulum
[5], and a resultant capacitative Ca2 entry in most
cases. Two other drugs similar to thapsigargin in
action are cyclopiazonic acid and 2,5-di-tert-butylhy-
droquinone [6]. However, despite many theories, the
mechanism of capacitative Ca2 entry and the iden-
tity of the Ca2 entry channel are still unclear [7].
Part of the reason is the lack of speci¢c inhibitors for
capacitative Ca2 entry.
The antifungal drug econazole has been used as an
inhibitor of capacitative Ca2 entry in many cells.
For instance, econazole inhibits thapsigargin-induced
capacitative Ca2 entry in HL-60 cells [8], platelets
[9,10], thymic lymphocytes [11,12], and inhibits Ca2
release-activated Ca2 current (ICRAC) in T lympho-
cytes [13]. Other imidazole compounds such as 1-[L-
[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-
1H-imidazole hydrochloride (SKF 96365) and mico-
nazole have also been found to inhibit capacitative
Ca2 entry [8,9,14,15]. However, econazole has other
e¡ects at the cellular level. For example, econazole
was found to inhibit long term potentiation in hippo-
campal slices [16], reduce agonist-evoked protein-ty-
rosine phosphorylation and evoke membrane depo-
larization in human platelets [17], inhibit voltage-
gated Ca2 channels in GH3 and chroma⁄n cells
[18], release histamine from rat mast cells [19], and
a¡ect the activity of various ion channels and insulin
secretion in mouse pancreatic L-cells [20]. Additional
to its inhibition of capacitative Ca2 entry, econazole
has been shown to increase [Ca2]i in some cells. In
A7R5 smooth muscle cells econazole and SKF 96365
were found to increase [Ca2]i by releasing intracel-
lular Ca2 from a site di¡erent from that mobilized
by vasopressin or thapsigargin [15]. In thymic lym-
phocytes econazole, SKF 96365 and miconazole all
release intracellular Ca2 by inhibiting the endoplas-
mic reticulum Ca2 pump, similar to thapsigargin
[11]. Lastly, econazole increases [Ca2]i in Ehrlich
ascites tumor cells by mobilizing Ca2 from thapsi-
gargin-sensitive Ca2 store in an IP3-independent
manner [21]. Econazole-like imidazole compounds
are well known as cytochrome P-450 inhibitors
[22]. It was thought that the inhibition of these imi-
dazoles on capacitative Ca2 entry was mediated by
a cytochrome P-450 [23,24]. However, results from
several other studies oppose this hypothesis [8,9,22].
Thus the issue whether imidazoles act via a cyto-
chrome P-450 remains controversial.
In Madin Darby canine kidney (MDCK) cells ca-
pacitative Ca2 entry has been found to operate
upon depletion of the endoplasmic reticulum Ca2
store with thapsigargin [25], ATP [26], UTP [27],
the phospholipase C inhibitor 1-(6-((17L-3-methox-
yestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-
2,5-dione (U73122) [28], and bradykinin [29]. It has
been shown that La3 (10 WM) and SKF 96365
(30 WM) inhibited thapsigargin-activated capacitative
Ca2 entry [25]. We have recently reported that in
MDCK cells capacitative Ca2 entry induced by
ATP, UTP or U73122 was abolished by La3
(100 WM) [26^28] and that induced by U73122 was
partially inhibited by SKF 96365 (50 WM) or econa-
zole (10^20 WM) [26^28]. We also found that econa-
zole released Ca2 from intracellular Ca2 stores at a
concentration of 10^20 WM [28]. However, the e¡ect
of econazole on Ca2 signaling in this cell is not
completely clear.
Here we investigate the e¡ect of econazole on
[Ca2]i in MDCK cells using the Ca2-sensitive £uo-
rescent dye, fura-2. We found that econazole exerted
many di¡erent e¡ects on Ca2 signaling. Econazole
released Ca2 from the thapsigargin-sensitive endo-
plasmic reticulum store in an IP3-independent man-
ner, activated Ca2 in£ux via a La3-sensitive capaci-
tative Ca2 entry pathway and a La3-insensitive
Ca2 entry pathway, and also inhibited capacitative
Ca2 entry. Given the multiple e¡ects of econazole
on Ca2 signaling, caution must be applied when
using it as an inhibitor of capacitative Ca2 entry.
2. Materials and methods
2.1. Cell culture
MDCK cells obtained from American Type Cul-
ture Collection (CRL-6253, MD, USA) were cul-
tured in Dulbecco’s modi¢ed Eagle medium
(DMEM) supplemented with 10% heat-inactivated
fetal bovine serum, 100 U/ml penicillin and 100 Wg/
ml streptomycin at 37‡C in 5% CO2-containing hu-
midi¢ed air.
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2.2. Solutions
Ca2 medium (pH 7.4) contained (in mM): NaCl
140; KCl 5; MgCl2 1; CaCl2 1.8; HEPES 10; glu-
cose 5. Ca2-free medium contained no added Ca2
plus 1 mM EGTA. The experimental solution
contained less than 0.1% of solvent (dimethyl sulf-
oxide or ethanol) which did not a¡ect [Ca2]i (n
= 3).
2.3. Optical measurements of [Ca2+]i
Trypsinized cells (106/ml) were loaded with the es-
ter form of fura-2, fura-2/AM (2 WM) for 30 min at
25‡C in DMEM. Cells were washed and resuspended
in normal medium and were washed every hour dur-
ing experiments to minimize extracellular dye. Fura-2
£uorescence measurements were performed in a
water-jacketed cuvette (25‡C) with continuous stir-
ring; the cuvette normally contained 1 ml of bu¡er
and 0.5 million of cells unless otherwise stated. In
some experiments cells were attached to a coverslip
which was immersed in a cuvette. Fluorescence was
monitored with a Hitachi F-4500 spectro£uoropho-
tometer (Japan) by continuously recording excitation
signals at 340 and 380 nm and emission signal at
510 nm at 1 s intervals. Maximum and minimum
£uorescences were obtained by adding Triton
X-100 (0.1%) and EGTA (20 mM) sequentially at
the end of the experiment. The ratio of excitation
signals at 340 and 380 nm was used to calculate
[Ca2]i as described previously [30] assuming a Kd
of 155 nM. Mn2 quench experiments were per-
formed in Ca2 medium containing 50 WM MnCl2
by recording the excitation signals at 340, 360, and
380 nm and emission signal at 510 nm, which were
continuously alternated at 1 s intervals. Preliminary
experiments showed that trypsinized cells yielded
qualitatively similar results as cells attached to cover-
slips. We decided to use trypsinized cells in most
experiments because this procedure is easier and
less time-consuming.
2.4. Chemical reagents
The reagents for cell culture were from Gibco
(Grand Island, NY, USA). Fura-2/AM was from
Molecular Probes (Eugene, OR, USA). U73122 was
from RBI (Natick, MA, USA). All other reagents
were from Sigma (St. Louis, MO, USA).
2.5. Statistical analyses
All values were reported as the means þ S.E.
(n = 3). Statistical comparisons were determined us-
ing Student’s paired t-test, and signi¢cance was ac-
cepted when P was 6 0.05.
3. Results
3.1. Econazole increases [Ca2+]i in MDCK cells
Shown in Fig. 1A is that in Ca2 medium econa-
zole elicited a considerable [Ca2]i increase consisting
of a slow rise and a gradual decay followed by a
sustained plateau which started 260 s after addition
of econazole. The magnitude of the Ca2 signal de-
pended on the dose of econazole between 5 and 50
WM; and 1 WM econazole had no e¡ect. We did not
report the response induced by 100 WM econazole
because at this concentration econazole produced
an ever-rising response, most likely re£ecting cell
membrane injury. The increase in [Ca2]i was slower
in response to lower doses of agonist. The relation-
ship between dose and peak Ca2 signal for econa-
zole is shown in Fig. 1C (solid circles). The relation-
ship between dose and plateau Ca2 signal is shown
in Fig. 1D (solid circles). In Fig. 1C and D the y axis
represents the net height with the baseline value (ap-
prox. 50 nM) subtracted. The EC50 value was not
calculated because the response did not saturate.
3.2. E¡ect of Ca2+ removal on the econazole response
Fig. 1B shows that removal of extracellular Ca2
reduced the econazole-induced Ca2 signal at all
doses examined. The dose-response relationship for
peak and plateau value is shown in Fig. 1C and Fig.
1D, respectively (open triangles). Comparison of the
two curves in Fig. 1C reveals that Ca2 removal in-
hibited 50% of 50 WM econazole-induced [Ca2]i
peak (805 þ 20 nM vs. 403 þ 30 nM, n = 3, P6 0.05)
and 20% of 25 WM econazole-induced [Ca2]i peak
(502 þ 17 nM vs. 401 þ 25 nM, n = 3, P6 0.05). The
[Ca2]i peak evoked by 5^10 WM econazole was not
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altered. Ca2 removal dramatically inhibited the pla-
teau response induced by all doses of econazole. Fig.
1D shows that Ca2 removal abolished the plateau
response induced by 5 or 10 WM econazole, and in-
hibited the response induced by 25 or 50 WM econa-
zole by 86 þ 12% (n = 3, P6 0.05) or 90 þ 10% (n = 3,
P6 0.05), respectively. This result suggests that ex-
tracellular Ca2 in£ux and intracellular Ca2 release
both contributed to the econazole-induced Ca2 re-
sponse.
The question arose as to the identity of the intra-
cellular source for the econazole-induced Ca2 re-
sponse. We tested whether the source was the thap-
sigargin-sensitive endoplasmic reticulum Ca2 store.
Thapsigargin is a speci¢c inhibitor of the endoplas-
mic reticulum Ca2 pump [5]. We have previously
reported that thapsigargin e¡ectively depletes the en-
doplasmic reticulum Ca2 store in MDCK cells lead-
ing to a signi¢cant rise in [Ca2]i [26^29]. Fig. 2A
shows that in Ca2-free medium 1 WM thapsigargin
evoked a [Ca2]i transient with a peak value of
251 þ 19 nM (n = 3) which then declined to the nor-
mal resting baseline in 400 s. Addition of econazole
(25 WM) at 620 s hardly elevated [Ca2]i. This sug-
gests that the internal Ca2 source for the econazole
response is the thapsigargin-sensitive endoplasmic re-
ticulum store. We next explored whether econazole
could completely deplete the thapsigargin-sensitive
Fig. 1. (A) Dose-dependent e¡ect of econazole on [Ca2]i. The experiments were performed in Ca2 medium. Econazole was applied
at doses of 1^50 WM. (B) Similar to A except that the experiments were performed in Ca2-free medium (no added Ca2 plus 1 mM
EGTA). Plateau [Ca2]i was measured 260 s after addition of econazole. The traces are typical of three experiments. (C) Dose-re-
sponse curve plotted from data in A and B. The y axis represents net peak [Ca2]i height in nM with the baseline value (approx. 50
nM) subtracted. (D) Similar to C except that the y axis represents net plateau [Ca2]i height. Data in C and D are means þ S.E. of
three experiments. *P6 0.05. Some error bars are invisible because they are smaller than the symbols. Cell suspensions were used in
these experiments.
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endoplasmic reticulum Ca2 store. Fig. 2B shows
that after cells had been treated with various doses
of econazole (1^25 WM) in Ca2-free medium, thap-
sigargin (1 WM) elevated [Ca2]i in a manner depend-
ent on the dose of econazole. For example, the thap-
sigargin-induced [Ca2]i increase was hardly a¡ected
by pretreatment with 1 WM econazole (trace a in Fig.
2B vs. Fig. 2A) but was abolished by pretreatment
with 25 WM econazole (Fig. 2B, trace d). Thus it is
clear that the Ca2 store sensitive to econazole ex-
actly overlaps with that sensitive to thapsigargin.
Since depletion of the endoplasmic reticulum Ca2
store is often followed by capacitative Ca2 entry, we
next investigated whether this is the case with econa-
zole. Fig. 2C shows that addition of 10 mM CaCl2 to
cells pretreated with 25 WM econazole in Ca2-free
medium for approx. 7 min induced a signi¢cant rise
in [Ca2]i (trace a) whose net height (baseline sub-
tracted) was 2.5-fold higher than control (without
econazole pretreatment; trace b; 15 þ 5 nM above
baseline; n = 3). Thus it is possible that econazole
induces capacitative Ca2 entry. This is consistent
Fig. 2. (A) Thapsigargin (1 WM) was added at the time indicated by the arrow in the absence of extracellular Ca2. Then 25 WM eco-
nazole was added at 620 s. (B) After cells had been stimulated with econazole (1^25 WM) for 6 min as described in Fig. 1B in Ca2-
free medium, thapsigargin (1 WM) was added as indicated to measure the extent of depletion of the endoplasmic reticulum Ca2 store
exerted by econazole pretreatment. Concentration of econazole was 1 WM in trace a, 5 WM in trace b, 10 WM in trace c, and 25 WM
in trace d. (C) Trace a: 25 WM econazole was added as indicated in Ca2-free medium followed by CaCl2 (10 mM) added at 410 s.
Trace b (control) : CaCl2 was added at 410 s without pretreatment with econazole. (D) Trace a: cyclopiazonic acid (CPA) was added
as indicated for 8 min in Ca2-free medium to deplete the endoplasmic reticulum Ca2 store. CaCl2 (10 mM) was added afterwards
to induce capacitative Ca2 entry. Trace b: similar to trace a except that econazole (25 WM) was added 20 s prior to addition of
CaCl2. Trace c: control with addition of Ca2 alone without pretreatment with cyclopiazonic acid or econazole. The traces are typical
of three experiments. Cell suspensions were used in these experiments.
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with the data in Fig. 1 that econazole induced Ca2
in£ux. Because econazole has been shown to act as
an inhibitor of capacitative Ca2 entry in many cells
[9^14], and particularly we have shown recently that
econazole at 10^20 WM partially inhibited U73122-
induced capacitative Ca2 entry [28], we next tried to
con¢rm econazole’s inhibition of capacitative Ca2
entry by examining its e¡ect on the capacitative
Ca2 entry induced by another agent. We used cyclo-
piazonic acid, an inhibitor similar to thapsigargin in
inhibiting the endoplasmic reticulum Ca2 pump [6],
to activate capacitative Ca2 entry. Fig. 2D illus-
trates that in Ca2-free medium cyclopiazonic acid
(CPA; 0.1 mM) induced an increase in [Ca2]i with
a peak value of 183 þ 18 nM (n = 3, P6 0.05) which
decayed to 81 þ 10 nM (n = 3) in 7 min (trace a).
When CaCl2 (10 mM) was subsequently added, there
occurred a large gradual rise in [Ca2]i which
reached a plateau of 280 þ 19 nM (n = 3; P6 0.05)
in 3 min. The net height of this capacitative Ca2
entry was 17-fold higher than control (without pre-
treatment with cyclopiazonic acid or econazole; trace
c; 15 þ 5 nM above baseline; n = 3; P6 0.05). Trace
b shows that the cyclopiazonic acid-induced capaci-
tative Ca2 entry was partially reduced by adding
econazole (25 WM) 20 s prior to addition of CaCl2.
The inhibition was not obvious until 80 s after addi-
tion of CaCl2 when the [Ca2]i increase started to
decline. The area under the curve of the capacitative
Ca2 entry between 420 and 700 s was reduced by
45 þ 12% (n = 3; P6 0.05) by econazole. Econazole
also partially inhibited thapsigargin-induced capaci-
tative Ca2 entry (not shown).
3.3. E¡ect of La3+ on econazole-induced Ca2+ signal
We have shown in Fig. 2 that econazole-induced
Ca2 in£ux involved capacitative Ca2 entry. How-
ever, it is not clear whether there is a non-capacita-
tive Ca2 entry. We used the general Ca2 entry
blocker La3 to study the mechanism underlying
the econazole-induced Ca2 in£ux. La3 has been
shown to partially inhibit thapsigargin-induced
whole-cell Ca2 currents [25], and abolished ATP-
or U73122-induced capacitative Ca2 entry measured
by fura-2 £uorimetry in MDCK cells [26,28]. We
performed Mn2 quench experiments to detect
Ca2 in£ux. Mn2 enters cells through similar path-
ways as Ca2, but quenches fura-2 £uorescence at all
excitation wavelengths [31]. Thus, quench of fura-2
£uorescence excited at the Ca2-insensitive excitation
wavelength of 360 nm (isosbestic point of fura-2) by
Fig. 3. (A) La3 inhibited econazole-induced Ca2 in£ux de-
tected by Mn2 quench measurements. The experiments were
carried out in Ca2 medium containing 50 WM MnCl2. La3
(100 WM) was added 20 s prior to econazole (25 WM). The y
axis is the 360 excitation signal in arbitrary £uorescence units.
(B) Econazole (20 WM) was added as indicated. Trace b: La3
(100 WM) was added at the peak of the [Ca2]i response (at
90 s). (C) 25 WM econazole was added as indicated. Trace a:
100 WM La3 was added 20 s prior to econazole. Trace b:
100 WM La3 was added at the peak of the [Ca2]i response (at
112 s). Control in A^C: econazole response without the pres-
ence of La3. The experiments in B and C were performed in
Ca2 medium. Traces are typical of three experiments. Cell sus-
pensions were used in these experiments.
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Mn2 indicates Ca2 in£ux. Fig. 3A shows that
25 WM econazole induced a gradual decrease in the
360 nm excitation signal, which amounted to 50% in
3 min (control trace; 405 þ 20 vs. 203 þ 18 arbitrary
units; n = 3; P6 0.05). This con¢rms that econazole
induced Ca2 in£ux as shown in Figs. 1 and 2. La3
(50 or 100 WM) added 20 s prior to econazole inhib-
ited the econazole-induced Mn2 quench of the
360 nm excitation signal by approx. 50% (405 þ 20
vs. 300 þ 13 arbitrary units; n = 3; P6 0.05). Identi-
cal results were obtained using another lanthanide,
Gd3 (50 WM) which is also known as a blocker of
capacitative Ca2 entry (not shown).
We next investigated the e¡ects of La3 (100 WM)
on the econazole-induced [Ca2]i transient. Fig. 3B
shows that addition of La3 at the peak of the 20 WM
econazole-induced Ca2 signal caused an immediate
decrease in [Ca2]i from 490 þ 23 nM (at 90 s) to
390 þ 16 nM (at 180 s) (n = 3; P6 0.05). This dem-
onstrates that the La3-sensitive Ca2 in£ux was par-
tially involved in the peak phase of the [Ca2]i tran-
sient. Interestingly, from 180 s forward La3 induced
an increase in [Ca2]i leading to a [Ca2]i level 41 þ
6 nM above control at 300 s (n = 3; P6 0.05). Again,
Gd3 closely mimicked the La3 action (not shown).
This potentiating e¡ect of La3 became more evident
in Fig. 3C when a higher dose of econazole was
applied, namely 25 WM. Fig. 3C shows that 25 WM
econazole induced a [Ca2]i transient with a peak
height of 798 þ 25 nM (n = 3) which was 63 þ 10%
higher than that induced by 20 WM econazole shown
in Fig. 3B (490 þ 23 nM; n = 3; P6 0.05). In this set
of experiments the [Ca2]i responses were slightly
larger in magnitude than that shown in Fig. 1 be-
cause di¡erent batches of cells were used. Trace a in
Fig. 3C shows that pretreatment with La3 (100 WM)
for 20 s did not alter the rising speed of the Ca2
signal, but increased the peak value of the signal by
C
Fig. 4. (A) ATP (10 WM) was added at 410 s. The experiments
in A^D were performed in Ca2-free medium. (B) Bradykinin
(BK; 1 WM) was added at 360 s. (C) U73122 (4 WM) was
added at 40 s followed by bradykinin (1 WM) and ATP (10
WM) at 360 s and 410 s, respectively. Thapsigargin (TG; 1 WM)
was added at 450 s. (D) U73122 was added at 40 s followed by
econazole (25 WM) at 410 s. Traces are typical of three experi-
ments. Cells attached to coverslips were used in these experi-
ments.
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13 þ 4% (790 þ 20 nM vs. 700 þ 12 nM; n = 3;
P6 0.05) and slowed down the decay of the signal
leading to an increase in the area under the curve by
33 þ 8% (P6 0.05). When La3 was added at the
peak of the signal, La3 did not cause an immediate
decrease in the Ca2 signal as seen in Fig. 3B, but
signi¢cantly slowed down the decay phase such that
at 350 s the [Ca2]i reached 405 þ 15 nM which was
18 þ 5% over control (301 þ 23 nM; n = 3; P6 0.05).
3.4. Inhibition of IP3 formation does not a¡ect the
econazole-induced [Ca2+]i rises
We next tested whether econazole increases [Ca2]i
by ¢rst elevating cytosolic levels of IP3. We used the
phospholipase C inhibitor U73122 to block forma-
tion of IP3 [32]. Because U73122 induces robust Ca2
in£ux [28], the following experiments were performed
in Ca2-free medium. Shown in Fig. 4A and B are
the robust [Ca2]i transients induced by ATP (10 WM)
and bradykinin (BK; 1 WM), respectively. Fig. 4C
shows that U73122 (4 WM) induced a small increase
in [Ca2]i (net peak value = 50 þ 7 nM; n = 3). Brady-
kinin and ATP, agonists known to cause IP3-depend-
ent internal Ca2 release from most cells including
MDCK cells [26,28], added 5 min and 6 min later,
respectively, failed to induce any rises in [Ca2]i. This
was not due to depletion of the Ca2 store by
U73122 because subsequent addition of thapsigargin
induced a normal [Ca2]i transient (compared to Fig.
2A), and was most likely due to inhibition of IP3
formation by U73122. Fig. 4D shows that econazole
still induced a robust [Ca2]i transient (net peak val-
ue = 220 þ 19 nM; n = 3) when IP3 formation was
abolished by U73122 pretreatment.
4. Discussion
In this study, we found that the econazole-evoked
[Ca2]i increase resulted from a release of Ca2 from
the thapsigargin-sensitive endoplasmic reticulum
Ca2 store and also Ca2 in£ux which consisted of
two components: one was La3-sensitive, the other
was not. Econazole itself induced capacitative Ca2
entry, whereas it partially inhibited the capacitative
Ca2 entry induced by other agents.
Although generally recognized as an inhibitor of
capacitative Ca2 entry in many cells [8^13], econa-
zole has been found to increase [Ca2]i in a few cells
including MDCK cells [11,12,15,21,28]. However, the
underlying mechanism has not been investigated in
detail in any cell. We found that econazole induced
large Ca2 signals at doses commonly used to inhibit
capacitative Ca2 entry in most cells. Thus caution
must be exercised in interpreting the experimental
results from using econazole.
We conclude that this econazole-induced Ca2 sig-
nal is contributed by extracellular Ca2 in£ux and
also intracellular Ca2 release based on two lines of
evidence. First, Ca2 removal dramatically inhibited
the econazole response, by reducing either the peak
response or the area under the curve, or both. This
reduction is not due to depletion of the internal Ca2
store because experiments were started less than
1 min after extracellular Ca2 was removed. Second,
Mn2 quench experiments directly demonstrated eco-
nazole-induced Ca2 in£ux. Notably, Ca2 removal
inhibited the plateau phase of the Ca2 signal in-
duced by all doses of econazole, but inhibited the
rise of the Ca2 signal induced by higher doses of
econazole (25^50 WM) without altering that induced
by lower doses (5^10 WM). This suggests that the rise
of the econazole response was mainly maintained by
internal Ca2 release, whereas the plateau was pri-
marily maintained by extracellular Ca2 in£ux.
Although econazole has been shown to release inter-
nal Ca2 in other cells by other investigators
[11,15,21] and also in MDCK cells by us [28], to
our knowledge we are the ¢rst to demonstrate that
econazole induces Ca2 in£ux.
We found that the internal Ca2 source for the
econazole response was the thapsigargin-sensitive en-
doplasmic reticulum store because in the absence of
extracellular Ca2, pretreatment with thapsigargin
abolished the econazole-induced [Ca2]i rise (Fig.
2A). Econazole-sensitive and thapsigargin-sensitive
Ca2 stores essentially overlap because pretreatment
with econazole (25 WM) abolished the thapsigargin-
induced [Ca2]i increase (Fig. 2B). Moreover, econa-
zole depletes the endoplasmic reticulum Ca2 store
dose-dependently (Fig. 2B). The question is how eco-
nazole depletes the endoplasmic reticulum Ca2
store. Our data suggest that econazole induced
[Ca2]i rises in an IP3-independent manner. Econa-
zole might act by inhibiting the endoplasmic reticu-
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lum Ca2 pump as in the case with thymic lympho-
cytes [11].
The question arose as to how econazole activates
Ca2 in£ux. Because MDCK cells do not have volt-
age-gated Ca2 channels [33], the most likely path-
ways by which Ca2 in£ux occurs are the La3-sen-
sitive capacitative Ca2 entry [26^28] or the La3-
insensitive entry pathway [28,34]. Fig. 2C shows
that econazole induces considerable capacitative
Ca2 entry. It is interesting that an inhibitor of ca-
pacitative Ca2 entry also induces its own capacita-
tive Ca2 entry. Because La3 has been shown to
block the capacitative Ca2 entry induced by ATP
[26], UTP [27], U73122 [28] and thapsigargin [25], we
investigated whether it could block econazole-in-
duced capacitative Ca2 entry. However, this possi-
bility could not be tested by our experimental proto-
col because EGTA has an a⁄nity for La3 higher
than for Ca2 [35], thus the experiments must be
performed in nominally Ca2-free medium. Because
the econazole-induced capacitative Ca2 entry was
not large enough to be observed in nominally
Ca2-free medium, EGTA-containing Ca2-free me-
dium was required in this case to detect capacitative
Ca2 entry. Nevertheless, because we have found
that in MDCK cells La3 abolished capacitative
Ca2 entry induced by all other stimulants [26^28],
it is reasonable to speculate that La3 also blocks
econazole-induced capacitative Ca2 entry. This pos-
sibility is supported by the observation that La3 and
Gd3 inhibited econazole-induced Ca2 in£ux by
half (Fig. 3). Fig. 3 also shows that econazole in-
duced a La3-resistant Ca2 entry. Very similarly,
we have recently found that U73122 induced Ca2
in£ux via two di¡erent pathways distinguished by
sensitivity to La3. Although the identity of this
La3-insensitive Ca2 entry awaits further studies,
it might be similar to the maitotoxin-activated non-
selective cation channel found in MDCK cells [34].
Collectively, the sources for the econazole-induced
[Ca2]i increase in MDCK cells are composed of at
least three components: (1) the thapsigargin-sensitive
endoplasmic reticulum store; (2) lanthanide-sensitive
capacitative Ca2 entry activated by depletion of the
thapsigargin-sensitive store; and (3) a Ca2 entry
component insensitive to lanthanides.
Another interesting ¢nding in this study is that
La3 appears to exert dual, opposite e¡ects on the
econazole-induced Ca2 signal: (1) inhibition of the
Ca2 signal by blocking capacitative Ca2 entry; and
(2) enhancement of the Ca2 signal by inhibiting the
plasma membrane Ca2 pump. La3 has been dem-
onstrated previously to inhibit the plasma membrane
Ca2 pump in other cells [36]. In our experiments,
the net action of La3 depends on the balance of
these two e¡ects. A nice example of the dual e¡ects
of La3 is shown in Fig. 3B in which La3 ¢rst
caused a reduction in the peak of the 20 WM econa-
zole-induced [Ca2]i transient followed by an in-
crease in [Ca2]i during the decay phase. The poten-
tiating e¡ect of La3 is not unique for the econazole-
induced Ca2 signal because we have found similar
e¡ects of La3 on bradykinin- or thapsigargin-in-
duced Ca2 signal in MDCK cells [29]. The e¡ect
of La3 on a larger Ca2 signal is di¡erent. Fig.
3C shows that pretreatment with La3 did not alter
the rising phase of the 25 WM econazole-induced
Ca2 signal but signi¢cantly elevated the peak value
and the decay phase. And when La3 was added at
the peak of the Ca2 signal there was not a reduction
in the [Ca2]i but the decay phase was gradually
elevated. The di¡erences in data in Fig. 3B and C
could be because at higher [Ca2]i levels Ca2 e¥ux
was greater and thus blocking Ca2 e¥ux by inhibi-
tion of the plasma membrane Ca2 pump with La3
results in a slower decay of the Ca2 signal. Fig. 3A
shows that pretreatment with La3 reduced 25 WM
econazole-induced Mn2 quench of fura-2 £uores-
cence by 50%, whereas in Fig. 3C pretreatment
with La3 did not a¡ect the rise of the econazole
response and even elevated the peak and the decay
phase. The di¡erence could be readily explained by
the fact that in Fig. 3A Mn2 quench of fura-2 £uo-
rescence only reports Ca2 in£ux with no informa-
tion on Ca2 e¥ux, whereas the traces shown in Fig.
3C are a balanced result of Ca2 in£ux and Ca2
e¥ux, and possibly in this case the inhibitory e¡ect
of La3 on Ca2 in£ux was exactly canceled by re-
duced Ca2 e¥ux resulted from inhibition of La3
on the plasma membrane Ca2 pump.
The major ¢ndings in this study were not restricted
to MDCK cells because they were reproduced qual-
itatively in endothelial cells from human umbilical
veins (not shown).
Collectively, we have found that econazole, a com-
pound frequently used as an inhibitor of capacitative
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Ca2 entry, exerted multiple and complex e¡ects on
Ca2 signaling at the doses commonly used to inhibit
capacitative Ca2 entry, and considering the various
e¡ects of this drug on other cellular function as de-
scribed in Section 1, caution must be exercised in
using it as an inhibitor of capacitative Ca2 entry.
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